During the cell cycle of exponentially growing Escherichia coli cells, several events occur in an ordered and periodic fashion; among them, the initiation of chromosome replication, nucleoid segregation, and cell division are the most conspicuous. One of these events is the localization of at least nine proteins in the cell center, forming a ring that constricts simultaneously as the septum grows (25, 29) . Ring proteins assemble in a certain order, and recruitment of one protein to the ring depends on the localization of the preceding ones, with FtsZ being the first protein known to assemble into a Z ring. Assembly of the Z ring does not depend on any other known gene or protein. FtsA and ZipA follow and depend on FtsZ localization, although they are both independent of each other and are both necessary for the recruitment of the rest of the septal ring proteins (14, 29) .
FtsZ is a structural homologue of eukaryotic tubulin (22) , and like tubulin, it has GTPase and polymerization activities in vitro. The structure of the Z ring in vivo is not known, but it has been shown that it is highly dynamic, being continuously remodeled, and that this dynamic behavior is related to its GTPase activity (40) . FtsA is a peripheral membrane protein that belongs to the actin/hsp70/sugar kinase family and binds ATP (37) . ZipA is a membrane protein able to interact with FtsZ and to induce it to form filament bundles in vitro (13, 33) .
Localization of the Z ring has been proposed to be governed by at least two mechanisms: nucleoid occlusion might prevent ring formation in the space occupied by the nucleoid (48) , while the products of the minCDE genes inhibit ring formation at the cell poles (for a review, see reference 35) . In addition, the timing of Z ring assembly seems to be linked to chromosome replication, either to the early stages, as in Bacillus subtilis (15) , or to the termination phase, as in E. coli (6) . However, it has been postulated also that FtsZ ring assembly is independent of chromosome replication and dependent on cell size (12) .
While in eukaryotes, progression through the cell cycle is based on a balance between transcriptional regulation and controlled proteolysis (42) , it is not known if a mechanism of this type is present in E. coli. Examination of protein levels during the E. coli cell cycle has so far revealed no evidence of a developmental program. In an early report, none of about 750 proteins detected did show any cell cycle-related variation (24) ; a more recent work showed variation in three out of 1,000 detected proteins (3), but the relation of these three proteins (the products of the genes dps, gapA, and pyrI) to the cell cycle is uncertain. More direct approaches have been applied to measure the levels of DnaK (18) and of the major penicillinbinding proteins of E. coli (47) during the cell cycle and have found them to be invariant. Nevertheless, as most of the cell division proteins are expressed at low levels, it seems unlikely that even a doubling in their levels would be detected by two-dimensional gel analysis (24) .
The levels of ftsZ transcripts in E. coli oscillate during the cell cycle (10, 50) , while transcription of ftsA and ftsZ genes is in its turn coupled to chromosome replication (41, 21) . It has been found also that the levels of FtsZ are rate limiting for cell division (28, 46) and that they are inversely dependent on growth rate, so that the amount of FtsZ per cell is constant, independently of the cell size, as expected for a structural or regulatory component of the cell septum (2) . This, together with the fact that the GTPase and polymerization activities of FtsZ are concentration dependent (39, 45) , suggests that the intracellular levels of FtsZ might exert some control over the assembly of the Z ring. Oscillations in the levels of FtsZ have been described in other organisms, like Caulobacter crescentus (31) , Prochlorococcus sp. (17) , and Synechococcus elongatus (27) . In this work, the levels of FtsZ, FtsA, and ZipA proteins and the assembly of these proteins in the septal ring have been analyzed in synchronous cultures of E. coli B/r K obtained by the membrane elution technique (16) and were found to remain constant along a cell cycle.
MATERIALS AND METHODS
Media and growth conditions. E. coli B/rK (C. Helmstetter) was used for the synchronization experiments, and E. coli MC1061 (36) was used for the energy depletion experiment. Cells were grown at 37°C in M9 minimal medium (36) supplemented with 0.2% glucose or in Luria-Bertani (LB) medium (36) . Newborn E. coli B/r K cells were obtained by the membrane elution technique (16) from cultures growing exponentially in M9 minimal medium supplemented with 0.2% glucose at 37°C. Samples were collected for 1.5 min every 5 min during a period spanning more than one doubling time. All the samples were then incubated at 37°C with shaking for the rest of the sampling period; they were then fixed in 0.75% formaldehyde for particle counting and immunofluorescence analysis or centrifuged and resuspended in lysis buffer for Western blotting. This procedure allows reconstruction of a full cell division cycle from the samples while maintaining the sampling size at values sufficient for the subsequent analysis. Synchrony of all the cultures was considered to be satisfactory, as it complied with the following criteria: as shown in Fig. 1 , the median and modal cell volumes and cell numbers measured relative to those obtained for the first sampled portion in three independent experiments showed that the cell volume distributions were unimodal during the first 40 min. At minute 45, some cells had already divided, because the cell number started to increase and the cell volume distribution became bimodal, containing a major fraction of large cells and a minor one of small newborn cells. At minute 50, both fractions were of similar sizes, and consequently, the median of the cell volume distribution decreased. At minute 55, most of the cells had divided, the cell number had doubled, and the median of the cell volume distribution had decreased almost to the initial level, although the distribution was still bimodal, with a minor peak of large, presumably undivided, cells. This is in agreement with a doubling time of 49 min when measured in a nonsynchronous culture under the same conditions. In addition, the degree of synchrony was calculated as described by Scherbaum (38) 
, where n 0 and n are the initial and final particle numbers, t is the time span during which synchronous division takes place, and is the generation time. For the three experiments shown in Fig. 1 , the values calculated were 0.75, 0.76, and 0.82.
Cell parameter measurements, photography, and immunofluorescence microscopy. Cells were fixed in 0.75% formaldehyde. Cell number and cell volume were measured with a ZM Coulter counter with a 30-m-diameter orifice connected to a C1000 Channelyzer (both from Coulter Electronics). For each sample, the mode or modes and the median of the cell volume distributions were recorded and are referred to as modal and median cell volumes. For immunofluorescence microscopy, cells were prepared as described by Addinall and Lutkenhaus (1) . The final lysozyme concentration used was 8 g/ml, and the permeabilization time was 1 min. The primary antibody used for FtsZ immunolocalization was MAb4, a monoclonal antiserum raised against FtsZ (43) . The anti-FtsZ polyclonal antiserum MVJ9 and the anti-EF-Tu polyclonal antiserum MVJ4 have been described previously (30) . The anti-FtsA polyclonal antiserum MVM1 and the anti-ZipA polyclonal antiserum MVC1 were obtained by immunization of rabbits with FtsA and ZipA purified as described by Yim et al. (49) and RayChaudhuri and Park (32), respectively. Cy3-conjugated anti-mouse or anti-rabbit serum (Amersham Pharmacia Biotech) was used as the secondary antibody. Cells were observed by fluorescence microscopy with a Zeiss Axiolab HBO 50 microscope with a 100ϫ immersion oil lens. Images were captured with a Sensys charge-coupled device camera (Photometrics) fitted with an HQ:CY3 filter (excitation, 545/30 nm; emission, 610/75 nm; beam splitter, 565LP). The software used for image capture was IPLab Spectrum, and Adobe Photoshop version 5.5 software was used for processing. Images were analyzed with ObjectImage version 1.62 (N. Vischer, University of Amsterdam). One hundred cells were analyzed for each time point.
Immunoblotting. Cells were lysed by resuspension in sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) sample loading buffer and heated for 5 min at 95°C. Proteins were separated by SDS-PAGE in 10% acrylamide gels and transferred to Immobilon-P membranes (pore size, 0.45 m; Millipore Co.) with a Milliblot graphite electroblotter system (Millipore Co.). Incubation of the membranes with antisera followed standard protocols (36) . The rabbit antibodies were detected with protein A coupled to peroxidase (BioRad) and developed with the BM chemiluminescence blotting substrate (POD; Roche Molecular Biochemicals). Autoradiographs were analyzed with NIH Image version 1.61 software (W. Rasband, National Institutes of Health). Protein levels were always expressed as the ratio of their band volumes to that of EF-Tu and made relative to the value obtained for the first point.
For the quantification of FtsZ, FtsA, and ZipA, exponential nonsynchronous cultures of E. coli B/rK were collected at an optical density at 600 nm of 0.2 to 0.3. A portion was fixed with formaldehyde for particle counting, and another portion was centrifuged, resuspended in lysis buffer, and heated to 100°C for 5 min. Quantification was done by SDS-PAGE and immunoblotting. The gels included extracts from independent cultures and a set of standards with known amounts of purified FtsZ, FtsA, or ZipA. FtsZ was expressed and purified as described by Rivas et al. (34) . FtsA was expressed and purified according to the procedure of Yim et al. (49) . ZipA was expressed and purified as described by Ray Chaudhuri (33) . Proteins were quantified by the method of Bradford with a commercial assay (Bio-Rad). 
RESULTS
Timing of FtsZ ring assembly during the cell cycle. To determine the time of assembly of FtsZ, FtsA, and ZipA into a midcell ring during the cell cycle of E. coli B/rK, samples of synchronous cultures (Fig. 1 ) obtained as described in Materials and Methods were analyzed. For FtsZ, immunofluorescence microscopy revealed the presence of three types of cells: cells without visible rings ( Fig. 2A) , cells with two dots at opposite sites in the cell center (Fig. 2B) , and cells with a sharp band in their centers (Fig. 2C) . The two-dot structures have been interpreted as the two-dimensional projections of a threedimensional ring with a relatively low amount of fluorescent material and have been called open rings, while the sharp bands, called closed rings, are interpreted as rings that contain more fluorescent material (6) . It has been postulated also that both open and closed structures occur sequentially in the cell as accumulation of fluorescent material progresses along the cycle. Some of the cells without rings showed one single weak fluorescent dot at midcell that might be the precursor of the open ring structure, but these single dots appeared diffuse and proved difficult to quantify reliably, and therefore these cells were counted as cells without rings.
The pattern of immunolocalization of FtsA and ZipA was nearly identical to that of FtsZ, showing also open and closed ring images (not shown). It is known that the localization of FtsZ is independent of both FtsA and ZipA, while the localization of these two proteins is dependent on FtsZ. If the localization of these three proteins is sequential, the assembly must occur in less than 5 min, as we do not find any significant delay in the visualization of the three different rings, which appear at similar frequencies along the course of the experiments.
The frequencies of the three cell types (cells with no rings, open rings, and closed rings) followed different time courses along the cycle (Fig. 2) . Cells with no rings were predominant among the population of newly born cells (95% for FtsZ and FtsA and 100% for ZipA). The population of cells with open rings showed a broad temporal distribution, increasing gradually until minute 40 for FtsZ and minute 35 for FtsA and ZipA and then decreasing, therefore spanning the whole cell cycle, though always at a rather low frequency. The distribution of cells with a closed ring was more sharply defined, being very low before minute 30 and then increasing rapidly to reach a maximum at minute 40 (FtsZ) and at minute 45 (FtsA and ZipA) (Fig. 2) . A temporal sequence can be defined, starting with the newborn cells without rings that become cells with open rings as they grow and the division proteins assemble and finally develop into cells with closed rings before constriction and division. This sequential assembly would be consistent with the interpretation of the open and closed rings appearing as a result of continuous protein accumulation in the rings.
For the three proteins, the population of ringless cells was high even at late times (Fig. 2) . This could be due to a poor efficiency of the immunostaining reaction caused by a low affinity of the polyclonal antisera used or simply could be a consequence of imperfect synchrony, so that at the late times during the cycle, those cells that divide disappear immediately from the populations of cells with rings and are added as two newly born cells to the cells without rings. To evaluate the two possibilities, the frequency of the three cell types was plotted as a function of cell length for these cell populations (Fig. 3) . For comparison, the same analysis was done for the FtsZ rings in a nonsynchronous exponential phase culture of E. coli B/rK grown under the same conditions. For the three proteins, the shorter (younger) cells were predominantly cells without rings; open rings appeared in medium size cells, and the longer (older) cells were predominantly cells with closed rings. Moreover, the plots of FtsZ ring cell types obtained from synchro- , and this fraction increased to 65% when the cells were grown in LB medium. This is in agreement with the data of den Blaauwen et al. (6) , showing that there is a direct linear relation between the beginning of FtsZ ring assembly and the cell duplication time, so that assembly starts at a younger relative cell age for shorter generation times; as a consequence, the faster the culture grows, the larger will be the fraction of cells with rings. Therefore, from the data shown in Fig. 3 , it can be concluded that for FtsZ and ZipA, the relatively large fraction of cells without rings found at late ages is contributed by the newborn cells resulting from division in which, as expected, the rings are not detectable. For FtsA, there is nevertheless an excess of long cells without rings, suggesting that in this case, the efficiency of labeling is lower than for the other two proteins. It is interesting that this inefficient labeling decreases the numbers of cells with rings detected but does not seem to alter the time courses of the open and closed ring frequency distributions. Levels of cell division proteins during the cell cycle. The levels of FtsZ, FtsA, and ZipA along one complete cell cycle were analyzed by Western blotting (36) in the synchronous cultures. The low cell densities obtained in the synchronous cultures (10 6 cells/ml, 10 ml per time point) made it difficult to obtain a reliable direct measurement of the number of molecules per cell, because even small sample losses may significantly affect the result. Therefore the elongation factor Tu (EF-Tu) was used as an internal marker to correct for sample losses and loading errors, and all the measurements were made relative to the level of the abundant EF-Tu. As EF-Tu levels are directly related to the cell mass (9), the ratios of FtsZ, FtsA, and ZipA to EF-Tu can be taken as relative measurements of the protein concentrations in the cells (units of protein per unit of cell mass). Comparison of the different experiments showed that there were no consistent trends or oscillations in the concentrations of these proteins that could be related with progression through the cell cycle (Fig. 4) . For FtsZ, the three experiments shown had coefficients of variation of 8.8, 11.1, and 18.8%, while the coefficient for a series of repeated loadings of a reference sample was 11.7%. Therefore, the dispersion of the data within every experiment could be ascribed to experimental error, and it can be concluded that there are no periodicities larger than this in the concentrations of the three cell division proteins analyzed.
The concentrations of the three proteins were measured in nonsynchronous cultures of E. coli B/rK in steady-state growth under the same set of conditions. The cell dimensions were measured in contrast-phase microscopy images with the help of Object-Image version 1.62 software (N. Vischer, University of Amsterdam). At least 100 cells were measured in each case. The average cell length and diameter were 2.88 and 0.84 m, and the cell volume was calculated by assuming cells to be cylinders with hemispherical caps. The measurements were done in three independent exponentially growing steady-state cultures. An average of 3,200 molecules of FtsZ per cell were present in this strain under these conditions. This is consistent with the value of around 5,000 molecules per cell estimated by Pla et al. (30) in E. coli K-12 strains MC1061 and W3110 and much lower than the value of 15,000 reported by Lu et al. (23) in E. coli BL21 (note that the figure of 20,000 FtsZ molecules FIG. 4 . Relative levels of FtsZ, FtsA, and ZipA during one complete cell cycle. Samples from the synchronous cultures were taken at different times and analyzed by Western blotting with specific antibodies. Anti-EF-Tu was included in all the blots. The levels of FtsZ, FtsA, and ZipA were then measured relative to the EF-Tu band, and the ratios were made relative to the ratio at time zero; therefore, the levels of the three cell division proteins are expressed as relative concentrations. The symbols reflect results of three independent experiments for FtsZ (top) and results of two independent experiments for FtsA (middle) and ZipA (bottom). The gray vertical lines mark the doubling times of this strain in asynchronous cultures under these experimental conditions. per cell, usually found in secondary sources in the literature, refers to unpublished data cited in reference 5). The average number of FtsA molecules per cell derived from our calculation was 740, nearly four times higher than previous calculations (44) , and gives an FtsZ/FtsA ratio of 5 to 1, much lower than previous estimates but similar to the one measured in B. subtilis (8) . Finally, the number of ZipA molecules per cell was 1,500, similar to the estimate of 1,000 calculated by Hale and de Boer (13) .
FtsZ ring assembly is energy dependent. Stricker et al. (40) have shown that the Z ring is a highly dynamic structure subjected to continuous remodeling and, moreover, that this remodeling depends on the GTPase activity of FtsZ. This is consistent with previous in vitro studies of FtsZ assembly (26) and suggests a role for the energetic metabolism in ring assembly and maintenance.
To study the energy dependence of ring assembly, the levels of FtsZ and the number of cells with Z rings were measured in an exponential culture of E. coli K-12 MC1061 in which respiration had been inhibited by addition of 15 mM sodium azide. Azide addition produces a fast depletion of the energetic pool of the cell. The levels of FtsZ remained constant for at least 20 min, while the FtsZ rings (open and closed ones) disappeared in slightly more than 2 min (Fig. 5) . This confirms that the Z ring is not a static complex that can last once assembled but a dynamic one that requires a continuous energy input to persist. We conclude that it is not enough for the cell to divide to trigger FtsZ ring assembly once in a cell cycle; assembly must be actively sustained along septation, probably until completion of the septum.
DISCUSSION
Using synchronously growing cultures of E. coli B/r K obtained by the membrane elution technique, we have analyzed the levels of the FtsZ, FtsA, and ZipA in these cells as well as the course of assembly of the three proteins into a ring at midcell during the cell cycle. We have found that the concentration of the three proteins is constant throughout the cycle.
If the processes of assembly and disassembly of the Z ring were driven by a passive, protein concentration-dependent mechanism of polymerization-depolymerization, then the concentration of FtsZ in the cell should be higher at some critical time during the cycle. The critical concentration of FtsZ for in vitro polymerization stays in the order of 1 to 2 M (45, 39) , well below the concentration of around 3.5 M that we measured in vivo in a nonsynchronous culture grown under the same conditions as the synchronous one. We found that the relative concentration of FtsZ stays constant during one full cell cycle, i.e., the observed minor variations falling within experimental error cannot be interpreted as periodic oscillations able to trigger ring assembly. Comparison of the results in Fig. 2 and 4 shows that a population formed entirely by newborn cells without rings (times 0 and 60) contains the same relative amount of FtsZ as a population in which around 80% of the cells have a central ring, either open or closed (minute 40) . If the concentration of these proteins is held constant, then the amount of protein per cell will increase as the cell volume increases and will oscillate following the cell cycle. This supports the notion that in E. coli, division requires a fixed amount of FtsZ and that it takes place once this amount is reached, independently of the concentration of the protein (2, 30) . As discussed by Koch (19) , the mechanisms that trigger cell division cannot operate as concentration-dependent enzyme systems; instead, they must be sensitive to the amount of some cell components, the amount of FtsZ in this case. The molecular mechanism that would constitute the Z ring assembly checkpoint remains elusive.
The lack of periodicity in the concentration of cell division proteins during the cell cycle, and in particular that of FtsZ, was unexpected and raises questions concerning the role of the oscillation of the ftsZ gene transcription during the cell cycle (10) . It has been argued that this oscillation might result simply from transcription silencing during replication of this region of the chromosome (50) , but this would not explain the phenotype observed when ftsZ is dissociated from its natural promoters and placed under the control of an inducible promoter (10, 28) . It has been proposed also that the oscillation might result from a mechanism linking cell division and chromosome replication (21, 41) . The fact that an oscillating pattern of mRNA is translated into a steady pattern of protein concentration indicates that there are posttranscriptional regulatory mechanisms controlling the levels of FtsZ. Indeed, it has been found that translation of ftsZ mRNA can be inhibited by two different antisense RNAs, namely, dicF, which is encoded by a prophage gene (4), and stfZ, which comprises part of ftsA and part of ftsZ (7) . Moreover, the possibility that not all the FtsZ immunoreactive protein is equally active has to be considered. If there were some posttranslational processing either to activate or to inactivate FtsZ, then it might be possible to mask an oscillation in the relatively minor levels of the active form within the total FtsZ population that would consequently remain largely invariant. In fact, heterogeneity in FtsZ preparations has been reported (23, 32) , although the origin of this heterogeneity and its physiological relevance are not known.
Another mechanism that might work to control FtsZ activity independently of its concentration might be the balance be- Other models postulate that ring assembly is initiated at potential division sites (nucleation sites), and development of these sites is cell cycle dependent. Among them, the nucleoid occlusion model proposes that termination of DNA replication could be the trigger for cell division (48) . According to these models, Z ring assembly is triggered by some previous process and is independent of the FtsZ concentration.
We find that the maintenance of the Z ring depends on energy. This fact, together with the highly dynamic behavior of FtsZ in the Z ring (40) , suggests that the mechanisms that control the state of the FtsZ protein in the cell are likely to act along a significant part of the cell cycle, either at preventing premature assembly of the Z ring in young cells or to trigger and remodel it as they progress into division.
ACKNOWLEDGMENTS
We are grateful to D. RayChaudhuri for the gift of pET15-ZIP, and to N. Nanninga for MAb4. The excellent technical work of Mercedes Casanova and Pilar Palacios is acknowledged.
Grants to M.V.'s laboratory included BIO97-1246 Plan Nacional de IϩD from Ministerio de Educación y Cultura and Cell Factory BIO4-CT96-0122 Project from the European Commission. S.R. and J.M. were pre-and postdoctoral fellows of the Comunidad Autónoma de Madrid.
